Oct. 2018

Chemical

Researchin
Toxicology

pubs.acs.org/ort

Transcriptomic Analysis of Human Primary Bronchial Epithelial Cells

after Chloropicrin Treatment

Maija Pesonen,*T* Markus Storvik,” Tarja Kokkola," Jeana Ryss;” Kirsi Vahakanges,

and Markku Pasanen’

TFaculty of Health Science, School of Pharmacy/ Toxicology, and *Pharmaceutical Chemistry, University of Eastern Finland, P.O. Box

1627, 70211 Kuopio, Finland

SResearch and Development, Centre for Military Medicine, Finnish Defence Forces, Tukholmankatu 8A, PL 50, 00301 Helsinki,

Finland

* Supporting Information

i NRoDUCTION

Chloropicrin (trichloronitromethane, CCLNO,) is a colorless
liquid, which volatilizes slowly and can form toxic vapors such
& phosgene and nitrogen oxides when relessed into the
environment. It is a strong irritant with the characteristics of
tear ges. Chloropicrin is utilized in organic syntheses and ss a
pesticide to fumigate soil against insects, fungi, and nematodes.
Its high potency and relatively short half-life are considered as
advantageous when it is used a5 a fumigant? The irritating
properties and toxicity by all routes of exposure explain why it
has also been used as a chemical warfare agent.”

Humans are usually exposed occupationally when chior-
opicrin is being manufactured and handled. In addition,
accidental or intentional release of chloropicrin into the
environment can be another potential source of human
exposure. Because of its volatility, the main route for exposure
is inhalation, and exposure o chloropicrin vapor (1 ppm)
provokes immediate irritation of the eyes and respiratory tract
causing coughing and nausea in humans. Damage in the airways
© XXXX American Chemical Society

ACS Publications

EPA-HQ-2018-000065

. Ribosomes T T

Energy metabolism
protein processing

Cell viability

and respiratory complications have been reported fo be the
major injuries of chiloropicrin exposure and mortality. The
lethal doses for humans have been estimated to be around
120- 300 ppm depending on the duration of the exposure.’*”

Analysis of chloropicrin or its metabolites in biological
material has proved difficult because of its reectivity and
unstable properties. Furthermore, there are no biomarkers
available with which to estimate chioropicrin exposure. The
only in vivo metabolic study, done in mice, has revealed that the
main elimination route is through urine with a minor
proportion being excreted through the lungs. In mice, di- and
monocloro derivatives of chioropicrin, nitromethane, raphanu-
samic acid, and several unidentified polar metabolites were
found in urine after intraperitoneal administration of
chloropicrin? The first step in chloropicrin degradation was
the rapid relesse of chlorine and the subsequent formation of
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dechlorinated products. In addition, the mechanism of action in
the respiratory system and other tissues is poorly understood.
Previous studies conducted in animals and cell fractions have
indicated that chloropicrin may act by inhibiting thiol-
containing enzymes such as pyruvic and succinate dehydro-
genases.”’ In addition, chloropicrin has been reported to
incresse the amounts of reactive oxygen species (ROS),
activation of MAP-kinase (Erk1/2), and to elevate the
expression of oxidative and endoplasmic reticulum stress (ER-
stress) associated proteins in humen cell lines®®

The development of high throughput methodologies
{genomics, proteomics, and epigenomics) has made it possible
to study a multitude of targets; these techniques may open new
perspectives for studying mechanistic toxicology, eg., in the
development of biomarkers.'® In particular, gene expression
studies have an established place in toxicology. Nonetheless,
there are well-known challenges and limitations with this kind
of approach, for example, the need to utilize appropriate
bioinformatics tools to process the data.’” ¥ A genome-wide
gpproach using microarray technology makes it possible to
measure the expression of a large number of genes
simultaneously. These kinds of data sets can provide valuable
information on how chemical exposure can change gene
expression and functions within the cell, and it can help to
clarify the mechanisms underlying chemically induced
toxicity.'™" Since chloropicrin is a risk to humans especially
when inhaled, we used primary human bronchial epithelial cells
(HBEpPC) as our experimental model and applied microarray
technology to study the global gene expression profile after
chioropicrin exposure. Furthermore, we analyzed how the
exposure affects the cell cycle and cell ultrastructure. The aim
was fo identify early responses, which could underlie
chioropicrin toxicity in the bronchial epithelium.

[ VATERIALS AND METHODS

Caution: Chioropicrin is a reactive, volatile, and toxic chemical. It
should be handled carefully using protective glassss, gloves, and a laminar
hood in order to avoid contamination.

Chemicals. Ribonuclease A, 3-(4,5dimethylthiazole-2-yl)-25-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO),
propidium iodide, and Tri-Reagent were all purchased from Sigma-
Aldrich (Helsinki, Finland), bronchial epithelial cell growth medium
from European Collection of Cell Cultures (ECACC, Salisbury, UK),
and chloropicrin (CASH#: 76-06-2) from the Defense Forces Technical
Research Centre (Lskiala, Finland). The Turbo DNA-free Kit and
Taqmen Primer Probe Sets were from Ambion/Applied Biosysterms
(Waltham, USA). The 10 cm culture plates were from Sarstedt Inc.
(Newton, USA) and 48-well plates from Nunc (Roskilde, Denmark).

Cell Culture and Treatment. Human primary bronchial epithelial
(HBEpC (502-05a) cells were purchesed from ECACC (Salisbury,
UK). The cells were cryopreserved at first passage and were grown in
bronchia/trachea epithelial cell growth medium at 37 °C in a
humidified incubator (with 5% CO, and 95% air) according to the
instructions provided by ECACC. In the experiments, the cells were
seeded at densities that allowed the untreated cells to reach a nearly
confluent state at the end of experiments. The cells were treated with
increasing concentrations (1 - 100 pM) of chloropicrin or 0.1% DMSO
as the vehicle after 48 h of plating in fresh medium and harvested at
6-48 h after the treatment. The vehicle control (0.1% DMSO) did not
have any effects on the messured parameters when compared to the
medium control without DMSO.

Cell Viability. The viability of the cultured cells was defermined by
the MT T-reduction assay described previously.® The cells were seeded
into 48-well plates and exposed fo various concentrations (1-100 M)
of chloropicrin for 24 h. After the exposure, the medium was changed
to MTT-containing (05 mg/mL) medium and the incubation
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continued at 37 °C for 2 h. Theregfter, the medium was removed
and the formezan crystals formed were solubilized with SDS-HCI-
buffer (pH 4.7). Absorbance was measured at 570 nm with an ELx800
plate reader (Biotek Instruments Inc., Winooski, USA). The results
were expressed as a percentage of the control exposed to DMSO to
the same concentration used as the solvent for chloropicrin. Four
independent experiments, containing 3 -4 replicates at every exposure
concentration were performed. The significance of the differences
between exposures and respective controls was analyzed by one-way
ANOVA followed by Tukey’s multiple comparison test. The statistical
analysis was performed using Graph Pad Prism (San Diego, USA),
with p < 005 being considered as statistically significant. The
concentration of chioropicrin that reduced cell viability by 50% (ECsy-
value) was estimated by using the four-parameter logistic regression
procedure according to Graph Pad Prism.

Flow Cytometric Analysis. Flow cytometric analysis after
propidium iodide (P!) staining was conducted as previously
described.” The stained cells were analyzed by FACS Canto Il
equipment (BD-FacsDiva, version 6.1.3, BD Biosciences, San Jose,
USA).

Transmission Electron Microscopy (TEM). After exposure, the
cells were fixed with 2.5% glutaraldehyde in phosphate buffer (pH 7.4)
and postfixed in 1% osmium tetraoxide (OsO,) for 3 h. The celis were
then dehydrated with incressing concentrations of ethanol and
embedded in Epon (LX-112). The blocks were sectioned into
ultrathin slices and double stained with urany! acetate and lead citrate.
The samples were examined with a transmission electron microscope
(JEM-2100F, from Jeol, Japan).

Extraction of Total RNA. In the micrcarray and RT-gPCR
experiments, the HBEpC-cells were treated with two concentrations of
chloropicrin, one low dose (10 pM) and the other dose close to the
ECqvalue (40 pM) for either 6 or 48 h. Three replicates at each
concentration and the respective controls without chloropicrin were
used in exposures. After treatment, the cells were washed with PBS-
solution, and the total RNA wes extracted using TRl-resgent as
described previously.”® In microarray analyses, the three replicates
were pooled, and the analysis was carried out using RNA-preparations
from separate HBEpC-cell exposures to those used for RT-gPCR-
analysis. The extracted RNA was stored at -80 °C before analysis.

Microarray Analysis of Global Transcript Levels. RNA samples
were first labeled using the 1lluminaR Total PrepT RNA Ampilification
Kit (Catalog number AMIL179, Life Technologies) according to the
menufacturer’s instructions, with 350 ng of RNA per sample. The
quality of all cRNA samples was controlled on 2100 Bicanalyzer RNA
nanochips (Agilent Technologies) and quantified using a Nanodrop
2000 spectrometer (Thermo Scientific). A total of 750 ng of each
sample was used in the Direct Hybridization Assay Workflow
(llumina) using HumanHT-12 expression beadchips (lllumina).
The bead-arrays were scanned using a HiScan instrument (1llumina).
Raw data from the imaging were imported into the Genome Studio
software using the Gene Expression Module, and RNA transcripts
were quantified using the manifest file Hu-
menHT12_V4_0 R2 15002873 Bbgx. The work was carried out
at the Core Facility of the Estonian Genome Center, University of
Tartu (an lllumina CSPro lab). The data were preprocessed and
normalized to median with Chipster (CSC, Espoo, Finland). The
differentially expressed gene sets from pooled samples were selected
based on filtering by a fold-change > +2 as compared to the respective
controls. The genes representing high, moderate, and low expression
levels obtained in the microarray analysis were later verified by the RT-
PCR technique (see below). The lists of up- or down-regulated gene
sefs were analyzed by utilizing DAVID 6.7 (NIAID, NIH, Frederick,
MD, USA) to extract and condense statistically enriched biological
themes, with the focus on enrichment in gene ontology (GO)-terms of
biolo%;ica)l processes level 4 (GOTERM_BP_4) and KEGG-path-
ways. " Ingenuity pathways analysis (IPA) (Qiagen, Redwood City,
CA, USA) was used to identify networks of interacting genes and top
upstream regulators from the data sets of differentially expressed

genes.
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Figure 1. Effect of chloropicrin on primary human bronchial epithelial cell (HBEpC) viability. (A) Cell viability was assessed by the MT T-assay in
chloropicrin-treated (24 h) HBEpC cells, expressed as a percentage of control cells. Each column represents the mean + SD of four independent
experiments, eech performed with 3-4 replicates (*p < 005, ***p < 0.01). One-way ANOVA and Tukeys’s multiple comparison tests were used.
(B) Flow cytometry of propidium iodide stained HBEpC cells, the control, and those treated with chioropicrin (40 uM) for 24 h. The representative
profiles and the percentages represent means from three independent experiments.

A | B.

Figure 2. Representative transmission electron micrographs of HBEpC cells. (A) Untreated HBEPC cells and (B) the cells treated with 50 pM
chloropicrin for 24 h. A number of vacuoles (arrows) can be seen in the perinuclear area of the treated cell (megnification 1200x% ). (C) Structures of
typical vacuoles (arrows) seen in the HBEPC celisafter the exposure to chloropicrin (50 pM) for 24 h (N nucleus, M mitochondia) and (D) for 48 h
(megnification 10000% ).
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Figure 3. Venn diagrams showing the number of differentially expressed (up or down) transcripts at the two exposure time points (6 or 48 h) in
primary human bronchial epithelial cells (HBEpC) after exposure to the two different concentrations of chloropicrin: (A) 10 pM or (B) 40 uM. The
differentially expressed genes from the microarray study were selected based on filtering by a fold-change > +2 in comparison to controls.

Quantitative Real-Time PCR (RT-qPCR). A RT-gPCR-study was
carried out according to Storvik et al., ' after exposure of HBEpC-cells
to chloropicrin for 6 h. Complementary DNA (cDNA) was
synthesized with M-MulLReverse Transcriptase using 2 g of fotal
RNA in the synthesis. The RT-qPCR assay contained 40 ng of
template ¢cDNA and wes carried out using an ABl Prism 7500-
instrument (Applied Biosystems, USA). The amplification conditions
were 50 °C for 2 minand 95 °C for 10 min followed by 40 cyclesat 95
°C for 15sand at 60 °C for 1 min. Detection was performed using six
diferent Tagmen primer probes. Two of these genes (CRYAB and
HSPAB) responded highly, three (ATF3, HMOX1, and MYLIP)
moderately, and one gene (ODC1) weskly to chioropicrin in the
microarray assay (Table 2). Gene expression was normalized with a
reference gene, B-actin, and each sample was measured in triplicate.
The nomralized relative mRNA expression level for each gene wes
expressed as a fold-change relative to the control.™® Three replicates
were used in experiments.

Ml ResuTs

Cell Viability and Cell Cycle. To determine appropriate
concentrations of chioropicrin for the subsequent microarray
and other experiments, the HBEpC-cells were exposed to
incressing concentrations of chloropicrin (1- 100 uM) for 24 h,
and cell viability was measured with the MT T-assay (Figure 1).
Chloropicrin  decreased cell viability in a dose-dependent
manner. The decrease was statistically significant at chioropicrin
concentrations of 20 uM or higher. The concentration that
reduced cell viability by 50%, as estimated by curve fitting, was
45 uM (data not shown). Consequently, the concentrations
close to this value were used in the subsequent experiments.

To study whether cytotoxicity would be associated with
gpoptosis or cell cycle arrest, control and chloropicrin-treated
cells (10 or 40 uM for 24 h) were analyzed by flow cytometry
after Pl staining (Figure 1). Chioropicrin exposure (40 uM)
increased slightly the number of apoptotic cells (subG1-phase),
decreased the G1-phase cells, and clearly increased the late S
and G2/M-phase cells in comparison with the respective
control values. The lower chloropicrin concentration (10 uM)
incressed the number of apoptotic cells from 1.3% up to 10%,
wheress the percentages of cells in the G1/G0, S, and G2/M-
phases remained in the same range as those in the control
cultures (data not shown).

Transmission Electron Microscopy. To get insight into
the effect of chioropicrin on cellular ultrastructure, the cells
were tireated with one low concentration (10 uM) of
chioropicrin and another somewhat higher concentration (50
M) than that used in the microarray (40 uM) for 24 and 48 h
and analyzed by transmission electron microscopy. Both
concentrations increased autophagy at 24 and 48 h when
compared to that of control cells. The typical finding induced
by the exposure was an increase of perinuclear vacuoles, which
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mostly contained cytoplasmic material resembling autophagy
vacuoles (Figure 2). A few of the vacuoles were empty, and
these are probably zones of the swollen ER. Some mitochondria
and nuclei were swollen by the higher concentration of
chioropicrin (50 uM); otherwise, they stayed intact.

Genes Differentially Regulated by Chloropicrin in
Human Primary Bronchial Epithelial Cells. The differ-
entially expressed gene sets from the microarray study were
selected based on the foldchange > +2 (up or down) &
compared to the untreated controls. In general, the owerall
number of differentially expressed transcripts after the exposure
incressed with an increase in the chioropicrin concentration
and exposure time (i.e,, from 552 to 623 at 6 h, and from 619 to
700 at 48 h) (Figure 3). The initial response was activation of
genes with a higher number of up- than down-regulated
transcripts at 6 h, and this trend was seen with both exposure
concentrations (Figure 3). However, the number of down-
regulated transcripts increased as the chioropicrin concen-
tration and exposure time increased. There were also a large
number of overlaps of diferentially regulated transcripts
between the 6 and 48 h of exposures (Figure 3). The complete
data, showing up- and down-regulated transcripts at the two
time points, are shown as Supporting Informetion (Table $1).
Since the microarray data are semiquantitative, the diferentially
regulated genes were subjected to an enrichment analysis in an
attempt to reveal statistically significant themes as designated in
the GO Terms and KEGG-pathways. According to these
analyses, the ribosome pathway and related protein processing,
energy metabolism, and regulation of cell death were ranked a5
the main KEGG-pathways and biological processes being
affected by the chioropicrin treatment (Table 1).

Possible Effect on Protein Processing. The “ribosome-
pathway” was one of the most enriched KEGG-pathways by
chioropicrin exposure both at 6 and 48 h (Table 1). The up-
regulated pathway consisted of transcripts encoding meny
eukaryotic transiation initiation factors (eg., EIF2A, EIF1B, and
EIF3K) and structural constituents of ribosome and RNA-
binding proteins (eg., RPL13A, RPL14, and RPL15). These are
consistent with the transcripts associated with the GO-term
“protein metabolic process” that includes “translation” (Table
52). In particular, they contained the transcripts encoding for
proteins, which are important for protein synthesis and
degradation (Teble S2). At 6 h, the enriched GO-term
“response to unfolded protein” contained transcripts that are
inducible in conditions of endoplasmic reticulum stress (eg.,
DDIT3, HERPUD1, DNAJA1, and PPP1R15A) suggesting
alterations in ER-functions (Tables 1A and £2). The “ribosome
pathway” and the “translation” were still up-regulated at 48 h
with the higher exposure concentration, although the number
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Table 1A. Predominantly Enriched (GO) Biological
Processes (BP) and KEGG-Pathways in Human Primary
Bronchial Epithelial Cells after Exposure to Chloropicrin
Upregulated at 6 h

10 UM
GOTERM BP 4 n pvalue benjamini
translation 50 43x10% 35x10%
oxidative phosphorylation 20 22x10% 89x10%
electron transport chain 18 45x 10" 12x10®
cellular protein metabolic process 8 12x10° 25x107
respiratory electron transport chain 13 23x10°  37x107
protein metabolic process 2 26x10% 35x10°®
energy derivation by oxidation of 15 60x 107 69x10°
organic compounds
proton transport 10 20x10°% 20x10*
10 M
KEGG PATHWAY n pvalue benjamini
oxidative phosphorylation 33 85 x 102 84 x 10°%
Parkinson’s diseese 28 13 x 107 54 x 10"
ribosome 24 14 x 1076 37 x 107
Huntington’s diseese 29 14 x 10" 35x 1072
Alzheimer’s disease 26 46 x 1072 92 x 10-1
cardiac muscle contraction 10 43 x 104 70 x 10°°
40 uM
GOTERM BP 4 n p-value benjamini
translation 39 72x 10 62 x 1078
response to unfolded protein 17 53x10" 23 x 10"
cellufar protein metabolic process 8 21x10% 60x10%
protein metabolic process 91 20x10% g2x10®
regulation of programmed cell death 40 52 x 10°° 90 x 1077
regulation of cell death 40 57x10° 83 x 107
negative regulation of apoptosis 23 22x107 27 x10°®
40 uM
KEGG PATHWAY n palle benjamini
ribosome 19 15 % 10" 14 x 10"
oxidative phosphorylation 16 48 x 107 24 x 1078
Parkinson’s disease 15 23 x 1078 76 x 10°5
Huntington's disease 16 29x10°  71x10%
Alzheimer’s disease 12 21 x 1073 40 % 1072
aminoacyHRNA biosynthesis 6 31%10°% 49 x 102

of altered transcripts was lower than that at 6 h (Tables 1B and
52).

There were an elevated number of the down-regulated
transcripts in the “ribosome pathway” (eg., RPS2, RPLS3,
RPLPO, and RPLP2) in response to the increase in the
chioropicrin concentration and the exposure time (Tables 1C
and 1D). Furthemmore, at 48 h, the GO-terms “cellular amino
acid metabolic process” consisted of down-regulated transcripts
encoding transcription factor 4 (ATF4) and various amino acid
tRNA-synthetases (eg., AARS, MARS, and NARS).

Possible Effects on Energy Metabolism. The other
KEGG-pathway predominantly enriched at 6 and 48 h (Tables
1A and 1B) was “oxidative phosphorylation”, which included
the transcripts encoding for components of the mitochondrial
respiratory chain, in particular the components of complexes |,
IV, and V (Table 52). The other energy metabolism pathway
enriched at 48 h was “glycolysis/gluconeogenesis” (Tables 18
and &2) suggesting that chloropicrin enhanced the cells’ need
for energy resources.
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Table 1B. (B) Predominantly Enriched (GO) Biological
Processes and KEGG-Pathways in Human Primary
Bronchial Epithelial Cells after Exposure to Chioropicrin
Upregulated at 48 h

10 M
GOTERM BP 4 n palue benjamini
regulation of cell death 34 52x107 49 x 10
cellular macromolecular complex 20 69x107 32x10*
assembly
regulation of programmed cell death 33 14 x10® 45x 10
cellular protein complex assembly 14 17 x10°% 40x 104
glycolysis 8 81x10°% 15x107
10 uM
KEGG PATHWAY n pvalle benjamini
pathogenic Excherichia coli infection 11 85 x 107 93 x 1075
glycolysis/giuconeogenesis 8 57 x10*  31x107?
40 uyM
GOTERM BP 4 n pvalue benjamini
translation 19 33x10% 17 x107
oxidative phosphorylation 9 18 x10% 44 x 10
respiratory electron transport chain 6 21x10% 34x107?
negative regulation of ubiquitin-protein 6 22 x 10 28 x 102
ligese activity during mitotic cell
positive regulation of ubiquitinprotein 6 28 x 107 27 x 1072
ligese activity during mitotic cell
regulation of ubiquitin-protein ligese 6 34x10% 28x107?
activity during mitotic cell cycle
protein complex assembly 14  35x10% 25x 107
40 uM
KEGG PATHWAY n pvalue benjamini
ribosome 14 33x 10" 17 x 107
pathogenic Bscherichia ooli infection 9 17 x 107 44 x 104
oxidative phosphorylation 1 22x10% 34x102
gep junction 7 21x10° 28 x 102
Alzheimer’s disease 9 30 x 1073 27 x 1072
Parkinson’s diseese 8 30 x 1073 28 x 1072

Table 1C. Predominanatly Enriched (GO) Biological
Processes and KEGG-Pathways in Human Primary
Bronchial Epithelial Cells after Exposure to Chioropicrin
Down-regulated at 6 h

10 M
GOTERM BP 4 n pvalue benjamini
translation 9 66 x 10" 25x10°°
cellular protein metabolic process 10 24x10° 46 x 10
protein metabolic process 10 11x10* 13 x10°3
cellular macromolecule biosynthetic 9 92x10% 87x107°
process
10 M
KEGG PATHWAY n p-velle benjamini
ribcsome 53 x 107 53 x 107"
40 uM
GOTERM BP 4 n pyalue benjamini
translation 20 23 x 10°° 18 x 1078
RNA processing 18 75 x 10° 28 x 1072
40 uM
KEGG PATHWAY n pvalue benjamini
ribosome 12 51 x 1078 56 x 10
focal adhesion " 81 x 10 43 % 1072
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Table 1D. Predominantly Enriched (GO) Biological
Processes (BP)and KEGG-Pathways in Human Primary
Bronchial Epithelial Cells after Exposure to Chloropicrin
Down-regulated at 48 h

10 UM
GOTERM BP 4 n pvalue benjamini
translation 35 18 x 10°2 11 x 1072
cellular protein metabolic process 43 50x107 15x10*
regulation of programmed cell death 25 11 x 107 23 x 104
regulation of cell death 25 12 x 108 19 x 10
protein metabolic process 51 60x10°% 23x10*
cellular amino acid metabolic process 13 24 x 10 24 x 107
cellular amine metabolic process 15 18x10°% 53 x10™
10 uM

KEGG PATHWAY n pvalte benjamini
ribosome 20 73 x10°7 87 x 107

oxidative phosphorylation 12 96 x 1078 37 x 10

40 uM
GOTERM BP 4 n pvalue benjamini
translation 44  40x 10 40 x 102
cellular protein metabolic process 74 62x107  31x10%
protein metabolic process 83 12x10°% 39x10*
negetive regulation of celluler process 55 75x 107 19 x 1073
regulation of programmed cell death 34 83 x 10 16 x 1073
regulation of cell death 34 89x10°% 15x10°3
40 uM

KEGG PATHWAY n pvalue benjamini
ribosome 30 34 x 10°% 41 x 102

Parkinson’s diseese 17 61 x 1077 37 x 1075

Alzheimer’s disesse 18 35x 10 14 x 1074

oxidative phosphorylation 16 39 x 1076 12 x 107

Possible Effect on the Regulation of Cell Death. A large
number of the up-regulated transcripts were also associated
with the GO-term, “regulation of cell death” both at 6 and 48 h
(Tables 1 and &2). These consisted of apoptotic and
antiapoptotic as well as oxidative stress and calcium responding
and tubulin encoding transcripts (eg., CRYAB, HMOX1,
CALR, TUBB, DDIT3, STK3, and SOD1). At 48 h, there were
a number of down-regulated transcripts, eg., those encoding
for, eg., thiol-protesse, amino acid tRNA-=synthetases, immuno-
logical responses, and cell cycle arresting proteins (eg., CTSB,
ASNS, IL1A, and CDKN1A) (Tables 1D and 52).

Verification of Microarray Data by RT-gPCR. Quantita-
tive real-time RT-QPCR was used 1o verify the six genes (ATF3,
CRYAB, HMOX1, HSPAS, MYLIP, and ODC1) that
responded to chloropicrin at the 6 h exposure time point in
the microarray study (Table 2 and $1). In general, the methods
showed good agreement between the mRNA levels, and with
the lower dose (10 uM), the levels were almost identical. With
the higher dose (40 uM), which increased the dying cells, the
quantitative differences in fold-changes were more notable
(Teble 2).

Analysis of Pathways and Upstream Regulators. To
identify pathways that are most significant to microarray data,
the differentially expressed genes at 6 h were mapped into
functional networks by performing an IPA analysis. As shown in
Figure 4, the main network was cancer, organismal injury and
abnormalities, and reproductive system disesse (Figure 4A).
Figure 4B shows also the top upstream regulators and their
target molecules identified from our data sets by the IPA tool.

EPA-HQ-2018-000065

Table 2. Comparison of Microarray Results with the RT-
gPCR” after Exposure of HBEpC-Celis to Chloropicrin for 6
h

fold-change
chloropicrin
gene description (uM) microaray”  QRTPCR
ATF3 activating 10 13 28
transcription
factor 3 40 68 379
CRYAB  alpha-besic 10 28 40
crystall ine 40 407 447
HMOX1  hemioxygenase-1 10 39 29
40 44 47
HSPAB heat shock A6 10 48 15
40 588 83
MYLIP myosin regulatory 10 12 12
light chain 40 75 352
oDC1 ornithine 10 10 10
decarboxylase 40 11 14

#RT-gPCR was performed on c¢cDNAs for the indicated transcripts,
compared o the expression of the housekeeping B-actin gene, and
normalized to the solvent control. ®Data are the mean from a pooled
sample from three replicate exposures. °Data represent the mean of the

three replicate exposures (independent from microarray exposures).

The TPG3-gene (encodes for tumor protein 63) is involved in
DNA-damage, cell cycle control, and apoptosis through p53
and calcium signaling. The second main enriched gene was the
ZEB2-gene (encodes for the zinc finger transcription
regulator); this is associated with the epithelial - mesenchymal
transition pathway and is expressed in late S/G2/M phese. The
target molecules of the five upstream-regulators listed in Figure
4B are associated with cell adhesion, protein folding, repair of
damaged DNA, regulation of cell cycle, synthesis of fatty acids,
and the proteins required for moverment and stabilization of
microfilaments. In addition, according to the IPA-analysis,
“(NRF2)-activated oxidative stress” (p 86 x 10-*) and “AhR-
signalling” (p 2.0 x 10-%) were the top pathways enriched by
the treatment.

Ml o'scussion

Chioropicrin is an evaporating toxic irritant that is a human
health risk if inhaled." Utilizing genome-wide mRNA-
expression and analysis of KEGG-pathways and biological
processes, we show that chloropicrin alters several transcripts
and pathways in human primary bronchial epithelial cells. The
microarray data and the six transcripts analyzed with RT-gPCR
from a replicated experiment were in agreement suggesting that
the microarray data, although semiquantitative, was able to
capture the relevant alterations evoked by chloropicrin. In order
to reduce the efect of potential arbitrary individual transcripts
in the interpretation, a thematic analysis was performed, and
the list of genes was condensed into enriched pathways. The
majority of the genes altered by the exposure were associated
with protein processing (synthesis and metabolism), energy
metabolism, and regulation of cell cycle and cell death.

The predominantly affected transcripts were associated with
protein processing (ribosomes). In stress conditions, protein
synthesis and metabolism are multifaceted and closely related
to many processes in the ER.'%° In this study, there were
several initially highly expressed transcripts, eg., the heat shock
(chaperone) transcripts (eg., HSPA1A, DNAB4, HSPAG, and
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Complex/Group
Kinase/Phosphatase
Transcription regulator

Other

Enzyme

BT

Molecules in Network Score

Focus Top Functions
Molecules

ATRX, CBX5, CONB1, CDH1, COK4, COK9,
DUSPYL, EGLNL, EMMTL, ENOY, ESR2Z,
FKBP4, Histone h3, HNRNPDL, Msp80,
LIMAL, MAPKT, MIRPS9, P38 MAPK,
PELPL, PNN, PSMDI0, PTGES3, RBMX,
ANA polymerase 1L, RPLLZ, RPLIDA,
SQSTML, STIP1, SUPTSH, TM4SF18,
TPM1, TUBA1B, VKORC1, ZC3HC1

18 Cancer, Organismal Injury and
Abnormalities, Reproductive
System Disease

B

Top upstream regulators | Target molecules

TPE3 FASN, FENI, HBPL, IGFBPG, KIF23, TPMI

ZEB2 COHI, KRT19
GPERL ASAHL, FASN

E2F1 CCNBL, COKS, CWC27, HLTF, KIF23

SMARCA4

AZM, HBG1, LGALST, SMARCAZ, TPM1

Figure 4. Top molecular network of differentially expressed genes after exposure to 10 pM or 40 pM of choropicrin at 6 h in human bronchial
epithelial cells (HBEPC) (A) IPA identified the most significant molecular network depicting genes involved in cancer, organismal injury and
abnormalities, and reproductive system disease. The intensity of the node color indicates the degree of up- (red) or down-regulation (green) of the
respective gene. The nodes without color were not assessed in this study but identified by IPA as important nodes involved in the network. Closed
arrows indicate the direction of action of one gene fo another, while lines without arrows indicate binding. A key to the identity of node shapes is
included in the figure. Molecules shown in bold in Table 1A are those identified in Table S1. Table 18 shows top upstream regulators and their
target molecules of diferentially expressed genes in HBEpC after exposure to chioropicrin (10 uM or 40 pM) for 6 h analyzed by the IPA tool.

HSPOOAA1), which are known to restore unfolded/misfolded
proteins, prevent ag%regation, and fcilitate selective degrada-
tion of proteins.?' ~“* Furthermore, a large number of altered
transcripts required in translation and synthesis of ribosomal
proteins suggest that the exposure interferes with protein
synthesis. In addition, incressed expression of the transcripts
(TRIB3, MYLIP, and HERPUD1) involved in protein
degradation through the ubiquitin-proteosome-pathway hints
at an accumulation of misfolded proteins in the endoplasmic
reticulum. By switching on the transcription of the genes
related to the chaperones and protein degradation, the cells are
attempting to increase their capability to restore or remove the
misfolded proteins generated by the exposure. The altered ER-
functions are the most likely cause for increased autophagy seen
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by the electron microscopy in this study. Autophagy that has a
critical role in removing aggregated proteins and damaged
organelles”” may be activated here due to the incressing
amount of degradation products in the cell. Thus, the material
inside the autophagy vacuoles in this study represents probably
misfolded/damaged proteins and other cytoplasmic structures.

Protein processing in the ER is highly sensitive to alterations
in the redox balance of the cell”® and this is a possible early
cause for the changes seen here in the transcript levels. The
evidence for this proposal emerges from the enriched top
pathway, “NRF2-regulated oxidative stress.” NRF2 is a redox
sensing transcription factor activated by electrophilic and
oxidative stress. It regulates a number of genes””* encoding
detoxification and antioxidant enzymes, eg., HMOX1, GLRX,
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TXNRD1, and NQO1 genes, which were up-regulated in this
study. NRF2 also coordinates the functions of many of the
other genes that are involved in, eg., for repair and degradation
of damaged macromolecules and modulate intermediary
metabolism” (eg., CBR1, SQSTM1, CYP2B2, and DNAIA2
genes in this study). The other enriched top pathway, “Ah-
receptor signaling,” is closely related to oxidative stress and
partly overlaps with the NRF2-ectivated pathway. The Ah-
receptor is a ligand activated transcription factor that directly
regulates the expression of many xenobiotic detoxification
enzymes (eg., ALDH3A, CYP1B1, and GSTAS5 genes in this
study), 1’acmtat|ng the metabohsm and elimination of xeno-
biotics.” In addition, Ah-receptor S|gnaI|ng has been associated
with a wide range of other genes™ and pathways, eg., energy
metabolism, degradation through the ubiquitin ligase complex,
and signaling via steroid receptors (e.g., FASN and ESR2 genes
in this study). Disruption of the redox-balance was also
supported by our previous cell culture studies, which revealed a
rapid depletion of thiol-containing antioxidant glutathione as
well as elevation of ROS-production and the formation of
disulfide-bonds between sulmydryl-contalmng amino groups
(cysteine) by chloropicrin exposure®

The acute source of the oxidative insult by chioropicrin
originates probably from the reactivity of chlorine that is
promptly released from chloropicrin in biological fluids.” The
relessed chlorine can generate a variety of reactive inter-
mediates in physiological fluids and thereby indirectly afect
cellular redox-balance. In addition to chiorine reactivity, the
metabolism of nitromethane, the dehalogenated metabolite of
chioropicrin, may be another cause of the acute changes found
in the transcripts in this study. In particular, the nitro group in
the nitromethane molecule (CH3NO,) can actively take part in
generating oxidative efects. The formation of nitrites, the
inhibition of liver enzymes (cytochrome P450, aldose-
reductase, NADPH-cytochrome reductase), and the prolifer-
ation of the endoplasmic reticulum have been reported after
exposure of rodents to nitromethane™ ~* suggesting that the
ER is the target of nitromethane insult.

The other predominantly up-regulated pathway enriched at
both of the exposure times was oxidative phosphorylation.
Furthermore, the increase of “glycolysis/ gluconeogenesis” at 48
h after the exposure suggests that chloropicrin lowered the
ATP/ADP-ratio favoring enhanced glycolysis. The changes in
these transcripts may be a compensation response to the effects
of chioropicrin on the energy metabolizing enzymes such as the
pyruvate and succinate complex&s or other thiol/hemicontain-
ing enzymes as shown previously.”” However, the increases in
the transcripts involved in energy metabolism here may also
reflect a secondary response to general stress and toxicity
caused by the treatment.

Many of the altered transcripts in this study were associated
with regulation of cell death consisting of both pro-apoptotic
and antiapoptotic transcripts (eg., DDIT3, DEDD2, BAGS,
and DAD1). In addition, the transcripts (GADD34,
GADD45B, and CDKN1A) WhICh are associated with DNA-
damage and cell cycle arrest™ ~* were clearly up-regulated by
the exposure. Several of the main upstream regulators (eg.,
TP63, E2F1, and SMARCA4) identified from our data sets
have similar functions. Furthermore, the flow cytometry
analysis confirmed that the exposure caused an increase in
the number of the late S and/or G2/M-phase cells by the
exposure. Since the cell cycle checkpoints are important for the
maintenance of genomic stability in response to0 DNA damage,
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these results indicate that chloropicrin treatment evokes DNA
damage, which then leads to late S and/or G2/M-arrest and
shifts a portion of the cells into death. This is in line with our
previous studies®™ with chloropicrin in humen epithelial cell
lines, where there were incresses in the amounts of several
proteins (p21, p27, and p53) known to be involved in the cell
cycle control after DNA-damage””*® However, the G2/M
phase arrest could also result from alterations of the
microtubule network required for the cytokinesis and
separation of chromosomes.™*" Support for this mechanism
was found here in the increases in the transcripts for tubulin
proteins, which are the principal components of microtubules.

In conclusion, these results describe MRNA changes in
human primary bronchial epithelial cells. The model is very
relevant because bronchial epithelial cells are part of the first
line of defense against inhaled reactive chemicals after in vivo
exposures. Our results indicate that critical cellular functions
(protein homeostasis, energy metabolism, and regulation of cell
cycle and cell degth) are targets of the chloropicrin exposure.
Furthermore, the top pathways, “NRF2-activated oxidative
stress” and “Ah-receptor signaling” enriched in our datasetsare
toxicologically important and should be further evaluated at the
protein level. These pathways may underlie the reduced
vigbility of epithelial cells after chloropicrin exposure.
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